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Abstract 
In this research, the effect of Magnesium Fluoride (MgF2) Anti-Reflection (AR) layer was investigated in quantum 
dot sensitized solar cells (QDSCs). MgF2 nanoparticles with the dominant size of 20 nm were grown by a thermal 
evaporation method and a thin layer was formed on the front side of the fluorine-doped tin oxide (FTO) 
substrate. In order to study the effect of the AR layer on the efficiency of solar cells, this substrate was utilized 
in CdS QDSCs. In this conventional structure of QDSC, TiO2 nanocrystals (NCs) were applied on the FTO substrate, 
and then it was sensitized with CdS quantum dots (QDs). According to the results, the QDSCs with MgF2 AR layer 
represented the maximum Power Conversion Efficiency (PCE) of 3%. This efficiency was increased by about 47% 
compared to the reference cell without the AR layer. The reason is attributed to the presence of the AR layer 
and the reduction of incident light reflected from the surface of the solar cell. 
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1. Introduction 
Solar energy is one of the cleanest and most accessible sources of energy, especially in areas with high annual 
solar radiation emissions [1-4]. So, it could be a suitable replacement for fossil fuels. Several technologies have 
been applied to convert solar photons into electricity. Among these solar cells are the devices to directly convert 
sunlight into electricity via the photoelectric effect [5-7]. QDSCs are one of the most promising types of 
nanostructure solar cells which have been studied here and in order recent research due to some of the most 
important parameters; these include good optical properties and high absorption coefficient in semiconductor 
QDs [8,9]. The corresponding laboratory efficiency of QDSCs is lower in reality than in theory [10]. In the past 
years several studies have been performed on different components in order to improve the performance of 
the QDSCs. This research includes applying a different structure of TiO2 as the scaffold [11-13], different 
semiconductor QDs [14,15], electrolyte [16] and the counter electrode [17,18]. Moreover, in a solar cell the 
percentage of sunlight emitted is reflected which reduces the density of the generated current from photon 
radiation. So, another possibility to further increase the performance of QDSCs is to optimize the usage of the 
incident light. So far, the use of an AR layer has been used in silicon solar cells [19-23]. In order to overcome this 
problem, various techniques have been proposed to increase optical absorption. One of the most important 
techniques is to apply an AR coating [21,24,25]. The AR coatings are one of the most important components for 
reducing reflection from the surface; therefore, they are widely used in solar cells, lenses, and other 
optoelectronic devices [26-28]. 
As the solar cells are to be used in the air (n=1), in a case of glass where n=1.5, the material required for the AR 
should have an n~1.24. Such a material suitable for coating is not available, and so generally MgF2 with n=1.38 
is used which reduces the value of reflection from a single surface [29-31]. MgF2 is a technically very important 
low index material in UV-VUV optical coating applications due to its high transparency and low optical loss in 
this wavelength range [31,32]. Therefore, MgF2 can be used as an appropriate choice as an AR layer in solar cells. 
The most important parameters in the application of the AR layer are the number and the thickness of them 
rather than depending on the range of wavelengths that needs to be covered; the number of AR layers can be 
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variable. But typically the AR coating is fabricated by using a single layer coating of a material, or a doubled layer 
of two selected materials [33-35]. 
The current work describes MgF2 composed of a single layer that has been chosen to prepare the AR layer in a 
standard structure of QDSCs for the first time. In the following a layer with about 8µm thickness of TiO2 NCs with 
a dominant size of 20 nm was hydrothermally grown and deposited on FTO-glass substrates. CdS NCs were also 
applied for the sensitization of photoanodes utilizing the successive ionic layer adsorption and reaction (SILAR) 
method. The photoelectrode with a MgF2 AR layer demonstrated the maximum PCE of about 3%. This efficiency 
was increased by about 47% compared to that of the reference cell sensitized without the AR layer. 
 
2. Experimental 
2.1. Coating of MgF2 nanoparticles 
In this research as the first step we needed to insure proper adhesion of the films. FTO coated glass substrates 
were cleaned with acetone and ethanol in an ultrasonic bath. The outer surfaces of transparent substrates were 
then coated with a thin layer of MgF2 nanoparticles by a thermal evaporation method under a base pressure of 
1×10-5 mBar. The substrate temperature was varied from ambient temperature to a maximum value of 200°C. 
The evaporation rate was maintained constant at 3 Å/s with a reaction time of about 15 minutes. 
 
 
Figure 1. (a,b) Surface FESEM images of the composed layer of MgF2 nanoparticles under two different 
magnifications. The size distribution histogram of the MgF2 nanoparticles is shown in the inset of (b). 
 
In addition to the thermal evaporation [36,37], various deposition methods have been applied for preparing 
MgF2 thin films including Ion beam sputtering [38], e-beam evaporation [39], sol-gel processing [40], Ion-Beam 
Assisted Deposition (IBAD) [41], Plasma Ion Assisted Deposition (PIAD) [42]. 
 
3. Result and discussion 
3.1. Coating of MgF2 nanoparticles 
In Figure 1(a,b) a surface Scanning Electron Microscope (SEM) view of a MgF2 thin film is shown in two different 
magnifications. The homogeneous film consists of globular grains with diameters between 18 nm and 35 nm, as 
shown inset of Figure 1(b). Figure 1(a) shows that the substrate surface is completely covered with MgF2 
nanoparticles. 
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Figure 2. X-ray diffraction (a) and EDX (b) patterns of MgF2 composed layer. 
 
The crystalline phase of the MgF2 nanoparticles layer can be detected by X-ray diffraction (XRD), as presented in 
Figure 2(a). The positions of XRD peaks of the MgF2 films, which are observed at 41.05o, 61.83o, 84.16o and 89.16o 
confirm the tetragonal crystal structures of the deposited MgF2 films. The obtained peaks were matched with 
ICSD cards No. 01-072-2231 correspond to the (221), (110), (220) and (111).  
The grain size (D, nm) of the MgF2 films was calculated from the main intensity peak with the following Scherer 
equation [43]: 
 
D =
(0.9 × λ)
(βCOSθ)
                         (1) 
 
where β is the Full Width at Half Maxima (FWHM), θ is the Bragg angle and λ is the wavelength of incident X-ray 
(Cr Kα, 0.229 nm in the present case). It is well known that the Scherer formula is a good approximation for a 
spherical crystal; the size is inversely proportional to the FWHM [44]. By the use of the Scherer formula for (221) 
plane, the average grain size of 22 nm for a MgF2 film was confirmed. 
Energy-Dispersive X-ray (EDX) spectroscopy analysis has been used to investigate the elemental components 
of the anti-reflection layer. As seen in Figure 2(b), the intensities of the peaks show the formation of both Mg 
and Flor atoms as the main element in the EDX pattern. The atomic composition is also calculated and shown in 
inset of Figure 2(b). 
To analyze the quality of the produced MgF2 composed layer, the optical properties have been considered. 
Figure 3(a) shows the measured transmittance spectra of the single-layer MgF2 films deposited on a glass 
substrate that are compared with the spectra of uncoated glass samples. As a result, there is no noticeable 
change in the transmittance rate of light from either the uncoated glass or MgF2 coated glass in the wavelength 
range of 300 nm to 1000 nm; this indicates that the MgF2 composed layer is as transparent as the glass. 
The diffuse reflectance spectra of the MgF2 layer is also shown in Figure 3(b). As we can see, the results are 
matched with the transmission spectra. According to the spectra, the level of reflection from the uncoated glass 
surface is about 4%, while the level for the MgF2 layer has been reduced to less than 1%. This result shows the 
suitable optical performance of the MgF2 AR layer. 
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Figure 3. Transmittance (a) and diffuse reflectance (b) spectra of MgF2 composed layer and uncoated layer. 
 
In many optical devices there are several levels of separation demonstrating that the loss of intensity resulting 
from reflections can be serious [45]. For example, for the near-vertical radiation, the surface reflection from the 
crystal glass (in the air) is: 
 
Rୱ = R୮ = ൤
n − 1
n + 1
൨
ଶ
= ൤
1.5 − 1
1.5 + 1
൨
ଶ
= 0.04                    (2) 
 
So for incident light, there is about 4% reflection, which will reach 6% for a flint glass with a refractive index of 
1.67. 
But in this work  for a glass with a refractive index of 1.5 and a specific thickness of the MgF2 AR layer, the 
magnitude of the reflection will be significantly reduced by the following equation: 
 
∆= 2n୤t cos θᇱ → 2n୤t = 1 2ൗ λ → t =
λ
4n୤
                     (3) 
, n୤ = ඥnୟn୥            Rୱ = ൤
୬౜ି୬౗
୬౜ା୬౗
− ୬ౝି୬౜
୬ౝା୬౜
൨
ଶ
                     (4) 
 
Since n୤ = 1.38 and  n୤ = 1.5 , the reflectivity is reduced from 4% to 1.3%. 
All three transmission, reflection and absorption coefficients have to be considered. In the above destructive 
interference, according to the expected calculations, the reflection has significantly decreased. 
According to the conservation of energy and the following formula: 
 
A + T + R = 1                               (5) 
 
By measuring the transmission and the small changes observed in Figure 3(a), a part of the radiation is absorbed 
and resulted in increasing the efficiency of the solar cell. 
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Figure 4. The 3-Dimensional AFM image of the MgF2 AR layer. 
 
An atomic force microscopy (AFM) image of the MgF2 composed layer has been taken to measure surface 
topography of the layer (Figure 4). The typical root-mean-square roughness (Rq) and the average roughness of 
the layer were found at 87.993 nm and 87.91 nm, respectively. According to the average roughness, it could be 
observed that the MgF2 surface layer was uniformly applied. This low-level roughness reduces the scattering of 
incident light to the surface. It does not create an imbalance in the performance of the solar cell which may also 
improve it. 
 
2.2. Fabrication of CdS quantum dot sensitized solar sells 
In this research, the photoanode includes TiO2 nanoparticles as a scaffold and CdS QDs as sensitizers. So, TiO2 
NCs were synthesized by a hydrothermal method in acidic autoclaving PH with a Titanium Tetraisopropoxide 
(TTIP) precursor as described in our previous work [46]. Then the paste is prepared using TiO2 nanoparticles and 
is deposited by the doctor blade method on the top surface of the FTO substrate. The layer was finally heated 
at 325, 375, 450, and 500°C for about 5, 5, 15, and 15 min to achieve a pure nanocrystalline TiO2 layer. This layer 
is identified as the H1(2) layer. 
 
 
Figure 5. Schematic of application of the anti-reflection layer in the quantum dot sensitized solar cell. 
 
The deposition of CdS QDs in situ on TiO2 films is done by the SILAR method. For this deposition, the TiO2 film 
was immersed in 0.1 M Cd(CH3COO)2.2H2O methanol solution and 0.1 M Na2S.9H2O water/methanol solution 
for 1 minute, followed by rinsing with methanol and then drying. This process was repeated over six cycles as 
we reported earlier [47]. This layer is also identified as the H1(2)/CdS layer.  
In this work, CuS NCs are used as a counter electrode that was prepared through a SILAR process by using 0.5 M 
Cu(NO3)2 in ethanol and 0.5 M Na2S.9H2O in ethanol/DI water solutions. The deposition was carried out to form 
a black layer of CuS on the surface of FTO glass substrates. 
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A polysulfide electrolyte solution including 1 M Na2S.9H2O, 2 M S, and 0.2 M KCl was also used. Figure 5 shows 
the location of the anti-reflection layer as well as its application in the quantum dot, sensitized solar cell, 
schematically. 
 
2.3. Characterizations 
All SEM images were taken using a TeScan–Mira III.EDX measurements of the photoanodes were also verified 
using a T-Scan field emission electron microscope. XRD patterns were measured by Philips Xpert-pro equipment 
with Kr Kα (λ= 2.29°A) radiation. Optical spectroscopies were carried out using a Mecasys Optizen POP 
spectrophotometer. The current-voltage characteristics were verified under AM 1.5, 100 mW/cm2 simulated 
sun-light irradiation. The incident photon to current conversion efficiencies (IPCE) was also measured by a Sharif 
solar IPCE system. 
 
 
Figure 6. Surface FESEM pictures of TiO2 NCs before (a) and after (b) deposition of CdS QDs and (c) cross-
sectional SEM image of TiO2 NCs layer. The inset of Figure 6(a) shows the diameter histogram of the TiO2 
NCs. 
 
3.2. CdS sensitized solar cells 
A top-view SEM image of TiO2 nanoparticles-composed layer is shown in Figure 6(a). The size distribution 
histogram of these NCs is also shown in the inset of this Figure. It could be observed that hydrothermally grown 
TiO2 nanoparticles with a dominate size of 20 nm are uniformly deposited on the FTO substrate. It can be seen 
also, that the morphology of nanocrystalline semiconductor TiO2 is almost spherical in shape, and also the TiO2 
layer is porous that can enhance the number of QD sensitizers attached to the photoanode surface. Figure 6(b) 
demonstrates the top-view SEM image of the CdS sensitized TiO2 NCs layer through the SILAR process after 6 
cycles of deposition. According to this Figure, the surface of the TiO2 composed layer is covered by a round-
shape of CdS NCs. The thicknesses of the TiO2 NCs layer (H1(2) layer) is also clarified in Figure 6(c) and measured 
about 8 µm. 
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Figure 7. X-ray diffraction patterns of the nanocrystalline H1(2) layer before and after the deposition of CdS 
QDs. 
 
Figure 7 represents the X-ray diffraction pattern of the H1(2) layer before and after CdS sensitization. As can be 
seen, the crystalline planes associated with the H1(2) layer in Figure 7(a) correspond to the anatase phase and 
belong to the standard JCPDS file No. 71.1169. The X-ray diffraction peaks are located at 2θ of 25.3°, 37.8°, 48.2°, 
53.9°, 55.1°, 62.7°, 68.7°, and 75°, for TiO2 nanoparticles. These peaks correspond to the (101), (004), (220), 
(105), (211), (204), (116), and (215) crystalline planes of the anatase phase of titanium dioxide. After deposition 
of CdS quantum dots these peaks were detected at 2θ of 26.65°, 43.98°, 52.25°, and 70.38°. According to JCPDS 
file No. 41.1049, these peaks are related to the (002), (110), (103) and (211) crystalline planes of the hexagonal 
phase of CdS. This plan shows that the CdS quantum dots are well deposited on the surface of the H1(2) layer. 
 
 
Figure 8. EDX spectra and elemental compositions of the TiO2/CdS layer. 
 
The composition of the CdS QDs deposited photoelectrode was determined by the EDX. According to Figure 8, 
Ti, O, Cd and S were detected, and their concentrations are shown by weight. These results confirmed that the 
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CdS QDs had been deposited on the TiO2 NCs layer. The EDX analysis demonstrates the purity of the sample 
because there is no impurity detected in Figure 8. Furthermore, the quantitate analysis shown in the inset of the 
Figure demonstrates the atomic composition of 23.6% Ti, 58.5% O, 10% Cd, and 7.8% S. 
The optical properties of CdS QDs sensitized TiO2 NCs photoelectrode is studied with UV-vis transmittance and 
diffuse reflectance spectroscopy as shown in Figure 9. So, Figure 9(a) presents the optical transmittance of the 
H1(2) layer before and after CdS sensitization over 200-1000 nm wavelength. It could be seen that the TiO2 NCs 
layer with transparency of about 80% is highly transparent between 400 and 1100 nm. Nevertheless, after the 
deposition of CdS QDs, the value of transmission is considerably decreased to about 40% for the H1(2)/CdS layer. 
The absorption edge of the H1(2)/CdS is shifted to about 515 nm. This is due to the deposited CdS QDs on the 
surface of the H1(2) layer and the absorption edge is close to the bandgap energy of bulk CdS material. The 
diffuse reflectance spectra of fabricated photoelectrodes is also shown in Figure 9(b). This was performed in 
order to better determine the absorption edge of the electrode before and after the deposition of CdS QDs. 
Considering the diffuse reflectance spectra result, we conclude that the absorption edge starts at 500 nm for 
the two photoelectrodes. However, the corresponding values of diffuse reflectance are increased after the 
deposition of CdS QDs. 
 
 
Figure 9. Transmittance (a) and diffuse reflectance (b) spectra of H1(2) and H1(2)/CdS photoanodes. 
 
Finally, the photocurrent density-voltage characteristics of the cells were measured for the investigation of solar 
cells application and are shown in Figure 10(a). The corresponding photovoltaic parameters are also calculated 
and shown in Table 1. In this research, the H1(2)/CdS were selected as the reference photoanodes to show the 
effect of the MgF2 AR layer on the performance of the CdS QDSCs. As shown in Table 1, the photovoltaic 
parameters of the reference cell such as short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor 
(FF) and conversion efficiency (η) are about 7.81 mA/cm2, 558 mV, 0.47 and 2.05%, respectively. After deposition 
of the MgF2 AR layer, these values are increased to 11.48 mA/cm2, 620 mV, 0.42, and 3%. According to the result, 
an increase of about 47% is obvious in the short-circuit current density. It is because of the presence of the AR 
layer and reduction of incident light reflected from the surface of the solar cell. 
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Figure 10. The photocurrent density-voltage characteristics and the incident photon to current conversion 
efficiency (IPCE) spectra of the QDSCs with and without the MgF2 AR layer. 
 
The investigation of the effect of the AR coating layer is further analyzed using IPCE measurements. Figure 10(b) 
shows the IPCE curves obtained for the QDSSCs fabricated with and without the MgF2 AR coating layer. All the 
IPCE curves have a maximum of around 500 nm around the absorption edge of CdS QDs. The highest IPCE value 
is shown by the QDSSC fabricated with the MgF2 AR layer (62%) and without the AR layer the lowest value is 
apparent (55.8%). This result could confirm the data of J-V measurements as were reported in Figure 10(a). The 
high value of IPCE supports the observation that the cell with the AR layer has excellent performance. 
 
Table 1. Photovoltaic parameters of the QDSCs with and without the MgF2 AR coating layer. 
Sample Jsc Voc FF ƞ 
H1(2)/CdS 7.81 558 0.47 2.05 
H1(2)/CdS 
(MgF2 AR layer) 
11.48 620 0.42 3 
 
4. Conclusion 
Herein, we have demonstrated the MgF2 AR thin film by a thermal evaporation process. Besides, based on the 
SEM images and EDX analyses, the modified deposition was uniformly performed. The morphology, optical 
properties and the key role of the MgF2 AR layer in CdS QDSCs were investigated. According to the result, the 
transparent MgF2 layer showed suitable optical performance that resulted in increasing the efficiency of CdS 
QDSCs. Moreover, the photovoltaic performances of as-prepared TiO2/CdS photoanodes with an AR layer were 
investigated, and the results showed that this electrode exhibited higher performance than that of pure 
electrode. According to the results, the CdS-sensitized solar cell with a MgF2 AR layer demonstrated the 
photovoltaic parameters of Jsc=11.48 mA/cm2, Voc=620 mV and efficiency of 3%. This efficiency was increased 
about 47% compared to the reference cell without the AR layer. The reason was attributed to the formation of 
an anti-reflection film to reduce the incident light reflection from the surface of the cell. 
 
Acknowledgments 
The authors would like to express their gratitude to Prof. Maziar Marandi for his advice and thanks to the 
Nanostructures and Nanostructured Devices research lab (NSDL) of Arak University, Iran for taking advantage of 
their facilities for this project. Furthermore, thanks to Paul D. Maley for providing an editorial review of the text. 
 
References 
[1] Priscila Gonçalves Vasconcelos Sampaioa, Mario Orestes Aguirre González, Photovoltaic solar energy: 
Conceptual framework, Renewable and Sustainable Energy Reviews 74 (2017) 590–601. 
10 
 
[2] Ibrahim Dincer, Muhammad F.Ezzat, Solar Energy Production, Comprehensive Energy Systems, 3 (2018) 208-
251. 
[3] Ehsanul Kabir, Pawan Kumar, Sandeep Kumar, Adedeji A. Adelodun, Ki-Hyun Kime, Solar energy: Potential 
and future prospects, Renewable and Sustainable Energy Reviews 82 (2018) 894–900. 
[4] Nathan S. Lewis, Toward Cost-Effective Solar Energy Use, Science, 315(2007) 798-801. 
[5] Meidan Ye, Xiaoyue Gao, Xiaodan Hong, Qiu Liu, Chunfeng He, Xiangyang Liu and Changjian Lin, Recent 
advances in quantum dot-sensitized solar cells: insights into photoanodes, sensitizers, electrolytes and counter 
electrodes, Sustainable Energy & Fuels 6 (2017) 1217-1231. 
 [6] Alaa A.F. Husain, Wan Zuha W. Hasan, Suhaidi Shafie, Mohd N. Hamidon, Shyam Sudhir Pandey, A review of 
transparent solar photovoltaic technologies, Renewable and Sustainable Energy Reviews 94 (2018) 779–791.  
[7] Sobrina Sobri, Sam Koohi-Kamali, Nasrudin Abd. Rahim, Solar photovoltaic generation forecasting methods: 
A review, Energy Conversion and Management 156 (2018) 459–497. 
[8] J. Kusuma, R. Geetha Balakrishna, A review on electrical characterization techniques performed to study the 
device performance of quantum dot sensitized solar cells, Solar Energy 159 (2018) 682–696.  
[9] Debasmita Kandi, Satyabadi Martha, K.M. Parida, Quantum dots as enhancer in photocatalytic hydrogen 
evolution: A review, International Journal of Hydrogen Energy Volume 42, Issue 15, 2017, Pages 9467-9481. 
[10] J. Tian, G. Cao, Semiconductor quantum dot-sensitized solar cells, Nanotechnol. Rev. 4 (2013). 
[11] S. A.Pawar, D. S.Patil, A. C.Lokhande, M. Gil Gang, J. Cheol Shin, P. S.Patil, J. Hyeok Kim, Chemical synthesis 
of CdS onto TiO2 nanorods for quantum dot sensitized solar cells, Optical Materials, 58 (2016) 46-50.  
[12] F. Huang, H. Tang, Y. Wang, J. Hou, Zh. Liu, R. C.Massé, J. Tian, G. Cao, Hierarchical ZnO microspheres 
photoelectrodes assembled with Zn chalcogenide passivation layer for high efficiency quantum dot sensitized 
solar cells, Journal of Power Sources, 401 (2018) 255-262.  
[13] Y. Li,W. Li, L. Zhao, J. Ge, X. He, W. Fang, H. Chen, Constructing micro-flower modified porous TiO2 
photoanode for efficient quantum dots sensitized solar cells, Journal of Photochemistry and Photobiology A: 
Chemistry, 375 (2019)77-84. 
[14] Xiaolong Zhang,Yu Lin, Jihuai Wu, Jing Jing, Biaopeng Fang, Improved performance of CdSe/CdS/PbS co-
sensitized solar cell with double-layered TiO2 films as photoanode, Optics Communications, 395 (2017) 117-121.  
[15] M. Irfan Aziz, F. Mughal, H. Muhammad Naeem, A. Zeb, M.  Asif Tahir, M.  Abdul Basit, Evolution of 
photovoltaic and photocatalytic activity in anatase-TiO2 under visible light via simplistic deposition of CdS and 
PbS quantum-dots, Materials Chemistry and Physics, 229 (2019) 508-513. 
[16] O-H. Kwon, J. Hyuck Heo, S. Park, S-W. Kim, S. Hyuk Im, High performance solid-state PbS/CuS hetero-
nanostructured quantum dots-sensitized solar cells, Journal of Industrial and Engineering Chemistry, 75 (2019) 
164-170  
[17] X. Hong, Z. Xu, F. Zhang, Ch. He, X. Gao, Q. Liu, W. Guo, X. Liu, M. Ye, Sputtered seed-assisted growth of CuS 
nanosheets arrays as effective counter electrodes for quantum dot-sensitized solar cells, Materials Letters, 203 
(2017) 73-76.  
[18] Xiaolong Zhang, Yu Lin, Jihuai Wu, Biaopeng Fang, Jiali Zeng, Improved performance of CdSe/CdS co-
sensitized solar cells adopting efficient CuS counter electrode modified by PbS film using SILAR method, Optics 
Communications, 412 (2018) 186–190. 
[19] E. Chanta, D. Wongratanaphisan, A. Gardchareon, S. Phadungdhitidhada, P. Ruankham, S. Choopun, Effect 
of ZnO Double Layer as Anti Reflection Coating Layer in ZnO Dye-Sensitized Solar Cells, Energy Procedia, 79 ( 
2015 ) 879 –884.  
[20] Le Chen, Qingkang Wang, Wen Chen, Daiming Liu, Zhouxing Zhao, Danyan Wang, Light trapping mechanism 
of hemisphere cone arrays for silicon solar cells, Solar Energy 163 (2018) 519–525. 
[21] Ranveer Singh, Mohit Kumar, Mahesh Saini, Avanendra Singh, Biswarup Satpati, Tapobrata Som, Growth of 
TiO2 thin films on chemically textured Si for solar cell applications as a hole-blocking and antireflection layer, 
Applied Surface Science, 418 (2017) 225–231. 
11 
 
[22] J.C. Sarker, R.Vasan, Y.F. Makableh, S.Lee, A.I. Nusir, M.O.Manasreh, Enhanced performance of surface 
modified InAs quantum dots solar cell by a sol–gel grown tantalum pentoxide anti reflection coating, Solar 
Energy Materials & Solar Cells, 127 (2014) 58–62.  
[23] Jen-You Chu, Ming-Hong Chiueh, Chun-Ti Chen, Yi-Ping Chen, Meng-Hsiu Wu and Yu-Wei Tai, 17.2% 
efficiency multi crystalline solar cells by optimizing structure of the MgF2/SiNx double antireflection layer, 
Journal of Photonics for Energy, 1 (2011) 017001-1- 017001-9. 
[24] Waqar A.A. Syed, Nouman Rafiq, Asad Ali, Rafiud-Din, Wiqar H. Shah, Multilayer AR coatings of TiO2/MgF2 
for application in optoelectronic devices, Optik, Volume 136, 2017, 564-572. 
[25] Hemant Kumar Raut, V. Anand Ganesh, A. Sreekumaran Nairb and Seeram Ramakrishna, Anti-reflective 
coatings: A critical, in-depth review, Energy Environ. Sci., 4 (2011) 3779. 
[26] O. Duyar, H.Z. Duruosoy, Design and Preparation of Antireflection and Reflection Optical Coatings, Turk J 
Phys, 28, (2003), 139. 
[27] Umer Mehmood, Fahad A.Al-Sulaiman, B.S.Yilbas, B.Salhi, S.H.A.Ahmed, Mohammad K.Hossain, Super 
hydrophobic surfaces with anti-reflection properties for solar applications: A critical review, Solar Energy 
Materials & Solar Cells, 157, (2016), 604–623. 
[28] Urmita Sikder, Mohammad Asif Zaman, Optimization of multilayer anti-reflection coating for photovoltaic 
applications, Optics & Laser Technology, 79, (2016), 88–94. 
[29] Johannes Noack, Kerstin Scheurell, Erhard Kemnitz, Placido Garcia-Juan, Helge Rau, Marc Lacroix, Johannes 
Eicher, Birgit Lintner, Thomas Sontheimer, Thomas Hofmann, Jan Hegmann, Rainer Jahn and Peer Lobmann, 
MgF2 antireflective coatings by sol–gel processing: film preparation and thermal densification, J. Mater. Chem., 
2012, 22, 18535. 
[30] L. Dumas, E. Quesnel, J.-Y. Robic, and Y. Pauleau, Characterization of magnesium fluoride thin films 
deposited by direct electron beam evaporation, Journal of Vacuum Science & Technology A 18, 465 (2000). 
[31] Rajnarayan De, S. Maidul Haque, S. Tripathi, K. Divakar Rao, C. Prathap, Mohit Kumar, T. Somb, N.K. Sahoo, 
Surface characterization of magnesium fluoride thin films prepared by a fluorine trapping based non-reactive 
sputtering technique, Vacuum, 134 (2016), 110-119. 
[32] H.R. Mahida, Deobrat Singh, Yogesh Sonvane, Sanjeev K. Guptac, P.B. Thakor, MgF2 monolayer as an anti-
reflecting material, Solid State Communications, 252 (2017) 22–28.  
[33] M. S. W. Vong, P. A. Sermon, Observing the breathing of silica sol-gel-derived anti-reflection optical coatings, 
Thin Solid Films, 293 (1997) 185-195. 
[34] Hung-Chou Liao, Sheng-Min Yu, Wen-Ching Sun, Wan-Ying Chou, Shou-Yi Ho, Tzu-Yu Wang, Wei-Jen Lu, Li-
Fang Lu, Antireflective and Self-Cleaning Properties of SiO2-MgF2/TiO2 Double-Layer Films Prepared by Sol-Gel 
Method at Low Calcination Temperature, Materials Research Society, 2017.  
[35] R. Sharma, Amit Gupta, Ajit Virdi, Effect of Single and Double Layer Antireflection Coating to Enhance 
Photovoltaic Efficiency of Silicon Solar, Journal of nano and electronic physics, 9 (2017) 02001-1-02001-4 
[36] M.F. Perea, J.A. Aznarez, J. Calvo-Angos, J.I. Larruquert, J.A. Mendez, Far ultraviolet reflectance variation of 
MgF2-protected aluminum films under controlled exposure to the main components of the atmosphere, Thin 
Solid Films, 497 (2006) 249-253. 
[37] V.Atchaiah Naidu, G.Laxmi Narayana, M.B.Suresh, I.M.Chhabra, P.Kistaiah, Surface morphology of MgF2/YF3 
multi-layer thin films by thermal evaporation method, IJRET: International Journal of Research in Engineering 
and Technology, 2 (2013) 523-528.  
[38] J.I. Larruquert, R.A.M. Keski-Kuha, Far ultraviolet optical properties of MgF2 films deposited by ion-beam 
sputtering and their application as protective coatings for Al, Opt. Commun. 215 (2003) 93-99. 
[39] S. Linden, M. Decker, M. Wegener, Model system for a one-dimensional magnetic photonic crystal, Phys. 
Rev. Lett. 97 (2006) 083902. 
[40] Hemant Kumar Raut, Saman Safari Dinachali, Kwadwo Konadu Ansah-Antwi, V Anand Ganesh, Seeram 
Ramakrishna, Fabrication of highly uniform and porous MgF2 anti-reflective coatings by polymer-based sol–gel 
processing on large-area glass substrates, Nanotechnology, 24 (2013) 505201. 
12 
 
[41] S. Scaglione, D. Flori, I. Soymie, A. Piegari, Laser optical coatings produced by ion beam assisted deposition, 
Thin Solid Films, 214 (1992) 188-193. 
[42] W. Seouk-Hoon, H. Chang Kwon, Effects of annealing on the optical, structural, and chemical properties of 
TiO2 and MgF2 thin films prepared by plasma ionassisted deposition, Appl. Opt. 45 (2006) 1447. 
[43] B.D. Cullity, S.R. Stock, Elements of X-ray Diffraction, third ed., Addison- Wesley Publishing Co., Inc., Reading, 
MA, 2001. 
[44] R.S. Mane, H.M. Pathan, C.D. Lokhande, Sung-Hwan Han, An effective use of nanocrystalline CdO thin films 
in dye-sensitized solar cells, Solar Energy 80 (2006) 185–190. 
[45] E. Hecht, Optics, Published by Addison-Wesley (1974). 
[46] M. Marandi, E. Rahmani, F. Ahangarani Farahani, Optimization of the Photoanode of CdS Quantum Dot-
Sensitized Solar Cells Using Light-Scattering TiO2 Hollow Spheres, Journal of Electronic Materials, 46 (2017) 
6769–6783.  
[47] Maziar Marandi, Farzaneh Ahangarani Farahani, Mahtab Davoudi, Fabrication of submicron/micron size 
cavities included TiO2 photoelectrodes and optimization of light scattering to improve the photovoltaic 
performance of CdS quantum dot sensitized solar cells, Journal of Electroanalytical Chemistry, 799 (2017) 167–
174.  
 
 
 
